Abstract-The polarization bistability between TEoo and TMoo eigenstates in InGaAsP/InP lasers is shown to be due to the mode inhibition mechanism. A theoretical analysis shows that the switching is governed by two current-dependent competing terms. One term represents the self-stabilization for the existing lasing mode to resist the onset of a new mode. The other term is the gain recovering term of the nonlasing mode. The major contribution to the latter is the relativp current dependence of the TE and TM gains. By making proper assumptions for the device parameters based on experimental data, the observed hysteresis loops have been successfully modeled. The conditions for the existence of polarization bistability are discussed.
JIA-MING LIU, SENIOR MEMBER, IEEE physics of the corresponding bistability and to discuss conditions for the existence of polarization bistability .
Let us recall briefly the characteristics of the physical system in the InGaAsP/InP laser. The facet reflectivities are different for TE and TM modes; for instance RTE = 0.39 and R T M = 0.26 [4] , so the oscillation occurs generally on the TE modes. However, it has been noticed that stress induces anisotropy in the susceptibility of the active medium allowing oscillation on TM modes to occur due to a greater gain for these modes. The anisotropy may be obtained either by an external pressure, normal to the junction [4]- [6] , or by a thermally induced stress effect resulting from the difference in the thermal expansion coefficients of the InGaAsP/InP active layer and InP cladding layers and InP substrate [7] . In both cases the light holes give a higher contribution to the gain of the TM modes [SI. Typically, the cooling of this type of laser induces a relative increase a, in the TM optical gain, with a = 0.115 cm-'/ "C [7] . Both spectra of TMoo and TEoo lasing modes consist of a family of equally-spaced longitudinal modes. The temperature at which the two orthogonally polarized modes have equal net gain varies from device to device because the built-in stress at a given temperature depends on the internal stress caused by lattice mismatch between the epitaxial layers and the external stress caused by fabrication processes. In this paper, the analysis is essentially based on the parameters of a bistable laser whose characteristics were published previously [3], [7] . We will also restrict the discussion to the flip from one TMoo mode to one TEoo mode. The case of the flip from one TEoo mode to one TMoo mode can be treated in a similar way. At an external temperature of the laser T, , = 194.2 K, the TMoo mode, for instance, oscillates at low excitation from 3 to 15 mA (Fig. 1) . At 15 mA the polarization flip occurs and the TEoo mode oscillates. With further decrease of the temperature the width of the hysteresis loops, in the polarization-resolved power-current characteristics, increases reaching 3 mA at Text? = 193 K and 23 mA at T,,, = 186.7 K (Fig. 1) .
Investigation of the switching behavior using a polarizer at 45" shows no peak or dip in the output power of the laser as the current is varied through the switching point (Fig. 2) . So it is the inhibition mechanism which occurs. Furthermore, the corresponding frequency-hopping accompanying this type of polarization switching mechanism has been evaluated to about 30 A [3] high susceptibility anisotropy of the active medium at those temperatures forbids the rotation mechanism which occurs only in a quasi-isotropic laser 121.
Before interpreting the experimental behavior we recall the expression of the output power in such a laser with high losses, deduced from Rigrod's calculation [9] . The saturated gain in such a system for the TM mode for instance is written where GsM is the saturated gain, GoM the unsaturated gain, the saturation intensity and ZM the intensity in the laser. By writing that the saturated gain equals the losses we obtain:
where PM represents the losses of the TM mode, including the end losses due to light transmission (i.e., -( 1 / L ) Log R T M if L is the cavity length), absorption and diffraction. For a monomode laser with identical mirrors we can deduce the output intensity at each mirror:
The linear variation of IOut with G,ML, i.e., with the excitation current i, will be used in the theoretical analysis (see for example Fig. 4 ), although it is strictly valid for a monomode laser. Let us consider now the condition for obtaining the flip between TM and TE modes. Suppose, for instance, that a TM mode oscillates. The oscillation on a TE mode occurs if the following condition is fulfilled:
where PE represents the losses of the TE mode and G, , , the "effective" gain of the TE mode in presence of the TM oscillation. This effective gain is written where OEM represents the coupling between TE and TM modes and O E M ( I M / Z s M ) the cross saturation. The condition (4) for the flip from TM to TE becomes, using (5)
i.e., using relation (2)
where aoE and aoM are the unsaturated net gains of TE and TM modes, respectively. If we define Aa = -aOM the preceding condition is written:
Let us then introduce the inff uence of the injection current and of the temperature on these net unsaturated gains. A cooling of the laser induces a relative increase in the TM net gain. So, for an injection current i and a temperature of the junction T , the difference between the two net gains of TM and TE modes may be approximated, in the con- where To is the temperature where the tensile stress vanishes. uM and uE are the slopes of the gains of TE and TM modes, respectively, versus the injection current. The experimentally determined net gain versus current characteristics of the polarization bistable laser at two temperatures are shown in Fig. 3 . One can see that at room temperature, uE is larger than u M , as in other semicon-
here by approximately 0.2 cm-'/mA). In the bistable regime, the difference in the slopes cannot be accurately determined, limited by the accuracy of the measurement. Since the difference in the net gains of the TE and TM modes increases as the injection current increases, the data infer a larger slope for the TE mode. We therefore write
where C , > 0 is the relative gain increase of the TE mode when the current is increased. In the theoretical analysis, we assume C1 = 0.2 cm-'/mA based on the data taken at room temperature and this value is supposed in first approximation constant in the considered temperature range. Different values of C1 can affect the analysis and will be considered later in the discussion. The junction temperature T depends on the external temperature Text and on the small perturbation due to the injection current. To a first approximqtion we can neglect the contact heating so that the junction temperature becomes [12] where C, is estimated to be O.OS"C/mA. Equation (10) may be written
Using this expression for Aa in the flip from TM to TE condition expressed by (9) we obtain
The physical meaning of this condition appears clearly. When the flip from TM to TE occurs the "gain recovering function" of TE over TM (i.e., A a ) is sufficient to compensate the TE ''inhibition term" due to the oscillating
. Inotherwords, this last term represents the self-stabilization for the existing lasing mode to resist the onset of a new lasing mode. The hysteresis is due to this term and occurs only when it is positive. It is worthwhile to note that an increase of the intensity of the oscillating mode stabilizes more this mode and corresponds indeed to an increase of the hysteresis loop. We obtain a similar equation for the flip from TE to TM:
To compare our theoretical results with experiment, let us represent the preceding functions in the flip conditions (14) and (15) . In Fig. 4(a) for instance, for Text? = 194.2 K, we represent the two terms of the inequality for the flip from TM to TE when the current is increased. The "gain recovering function' ' of TE to TM, that is the expression in the brackets, increases linearly with i [the dashed line in Fig. 4(a) ]. The different parameters are deduced from experimental measurements. The TE ''inhibition term" due to the oscillating mode TM depends on the net gain moM, which varies linearly with i, and on the coupling term OEM. This coupling term depends itself on the spatial hole burning [13] . When the number of the oscillating modes increases, the spatia1 hole burning increases. A simple graphical analysis of the increasing of the spatial hole burning with the number of modes shows that it strongly saturates beyond a few modes. So we assume, in first approximation, that the term 6 E M ( P E / P , j which also depends on spatial hole burning, saturates with increasing i and we can consider it as independent of i for large current intensity values if the TE and TM mode volumes are coaxial. Furthermore the experimental polarization-resolved power-current characteristic shows no hysteresis Fig. 4(c) ]. This implies that, at this temperature for i = 15 mA, the TE inhibition term is zero, i.e., OEM(PE/PM) = 1. Beyond 15 mA the inhibition term needs to have a slightly larger value which is adjusted to OEM ( P E / P M j = 1.005 in the fit. In this region four longitudinal modes simultaneously oscillate and the spectra remain practically unchanged. The inhibition term is represented by the full line in Fig. 4(a) . In this figure, we have also represented the condition (15) for the flip from TE to TM when the current decreases. The inhibition term is in first approximation unchanged but the A a function is reversed and represented by the dotted line. At this temperature no hysteresis loop appears. At lower temperatures, i.e., Text3 = 193 K and TeXu = 186.7 K, the corresponding theoretical curves are shown in Fig. 5(a) and Fig. 6(a) , respectively. The theoretical hysteresis loops [ Fig. 5(b) and Fig. 6(b) ] increase when the external temperature decreases, in agreement with the experimental results [ Fig. 5(c) and Fig. 6(c) ]. In the preceding cases where polarization bistability occurs with hysteresis loops, the solutions exist if the curve representing the gain recovering function related to the C , coefficient, intercepts the curve representing the inhibition function which has to be positive (i.e., 6 E M ( P E / P , w ) > 1). We can now discuss the cases where no polarization bistability occurs.
First, for the bistable laser studied, abrupt disappearance of the hysteresis loop occurs at low temperature ( T rent corresponding to a wide hysteresis loop. Unfortunately for this high current, the active medium volume increases, inducing a shift and a distortion in the far-field pattern of the TE mode, as shown in Fig. 7 . This results in an abrupt loss of coupling at 184.5 K, leading to 
The expected simultaneous oscillation of the TE and TM modes is shown in Fig. 8 . Let us now consider the lasers where no bistability was observed. For example, even when the inhibition term is unchanged, no bistability appears if the gain recovering term is too efficient and intercepts the inhibition term for i < 15 mA. This occurs for C1 > 0.4 cm-'/mA in Fig.   4 . Indeed for some of our lasers with experimentally measured values of C1 = l cm-'/mA, only simultaneous TE and TM oscillations were observed, whatever the temperature is [3]. A similar discussion may be given for InGaAsP lasers with external stress, at room temperature where simultaneous TE and TM oscillation has been also observed [4] . Indeed in this case the far-field pattern distortion [4] seems to imply a low coupling term and furthermore the C1 coefficient is large ( C1 = 2 cm-'/mA).
In conclusion, the polarization bistability occurring in InGaAsP/InP lasers is shown to be of the inhibition mechanism type.
The temperature and the current-induced anisotropy of the susceptibility of the active medium and the large coupling between TE and TM modes, provide a theoretical analysis of this bistability , which allows digital optical signal processing with high signal-tonoise ratios [ 141. Based on the theoretical model, the conditions for the existence of polarization bistability by considering the effects of the gain-current characteristics and the coupling coefficient are discussed and verified for InGaAsP/InP lasers. It is worthwhile to note that the direct current recovering gain function introduced here, allows shorter switching times than that associated to thermal effects in the junction due to current variations. 
